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Abstract 

Background: Currently, the amount of protein/enzyme required to achieve effective cellulose hydrolysis is still too 
high. One way to reduce the amount of protein/enzyme required is to formulate a more efficient enzyme cocktail 
by adding so-called accessory enzymes such as xylanase, lytic polysaccharide monooxygenase (AA9, formerly 
known as GH61), etc., to the cellulase mixture. Previous work has shown the strong synergism that can occur 
between cellulase and xylanase mixtures during the hydrolysis of steam pretreated corn stover, requiring lower 
protein loading to achieve effective hydrolysis. However, relatively high loadings of xylanases were required. When 
family 10 and 1 1 endo-xylanases and family 5 xyloglucanase were supplemented to a commercial cellulase mixture 
varying degrees of improved hydrolysis over a range of pretreated, lignocellulosic substrates were observed. 

Results: The potential synergistic interactions between cellulase monocomponents and hemicellulases from family 
10 and 1 1 endo-xylanases (GH10 EX and GH1 1 EX) and family 5 xyloglucanase (GH5 XG), during hydrolysis of 
various steam pretreated lignocellulosic substrates, were assessed. It was apparent that the hydrolytic activity of 
cellulase monocomponents was enhanced by the addition of accessory enzymes although the "boosting" effect 
was highly substrate specific. The GH10 EX and GH5 XG both exhibited broad substrate specificity and showed 
strong synergistic interaction with the cellulases when added individually. The GH10 EX was more effective on 
steam pretreated agriculture residues and hardwood substrates whereas GH5 XG addition was more effective on 
softwood substrates. The synergistic interaction between GH10 EX and GH5 XG when added together further 
enhanced the hydrolytic activity of the cellulase enzymes over a range of pretreated lignocellulosic substrates. 
GH10 EX addition could also stimulate further cellulose hydrolysis when added to the hydrolysis reactions when the 
rate of hydrolysis had levelled off. 

Conclusions: Endo-xylanases and xyloglucanases interacted synergistically with cellulases to improve the hydrolysis 
of a range of pretreated lignocellulosic substrates. However, the extent of improved hydrolysis was highly substrate 
dependent. It appears that those accessory enzymes, such as GH10 EX and GH5 XG, with broader substrate 
specificities promoted the greatest improvements in the hydrolytic performance of the cellulase mixture on all of 
the pretreated biomass substrates. 
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Background 

Achieving good sugar yields from pretreated lignocellulosic 
substrates when using low enzyme loadings continues to 
be a challenge for biochemically based biomass-to-biofuels 
processes [1,2]. One approach that various groups have 
assessed is to formulate more efficient enzyme cocktails by 
adding so-called accessory enzymes, such as hemicellulases 
and lytic polysaccharide monooxygenase (AA9, formerly 
known as GH61) [3-5], and/or non-hydrolytic, chain separ- 
ating proteins such as swollenin and expansin [6-8] to the 
enzyme mixture. Recent work has shown that, when family 
11 endo-xylanases were added to commercial cellulase 
preparations, their synergistic cooperation not only sub- 
stantially enhanced the hydrolysis extent of both the 
glucan and xylan present in steam pretreated corn sto- 
ver, it also dramatically reduced the required cellulase 
dosage (about 7 times) needed to achieve reasonable 
cellulose hydrolysis yields (>70%) [3]. Even though 
higher amount of xylanase was still required to achieve 
better hydrolysis, the overall total protein loading either 
did not change or was slightly lower. 

Based on their amino acid sequence similarities, most xy- 
lan hydrolyzing enzymes belong to either glycoside hydro- 
lase family 10 (GH10) or family 11 (GH11) [9-11]. Family 
10 endo-xylanases (GH10 EX) have been shown to pre- 
dominandy attack glycosidic linkages next to a substituted 
xylose residue, requiring at least two unsubstituted xylose 
residues and it tends to exhibit broad catalytic versatility 
[9,12]. In contrast, family 11 endo-xylanases (GH11 EX) 
require at least three consecutive unsubstituted xylose 
residues. GH11 EX cannot cleave glycosidic linkages next 
to a branch [10,13], and they are sometimes characterized 
as "true" xylanases because of their exclusive activity on D- 
xylose containing substrates [14]. 

Although there is a considerable amount of informa- 
tion known about the differences between these two 
major families of endo-xylanases regarding their struc- 
ture, catalytic mechanisms and specific activities on 
"model" xylanolytic substrates [12,15,16], there has been 
little work carried out regarding their hydrolytic poten- 
tial or their interactions with cellulases during hydrolysis 
of industrially relevant pretreated lignocellulosic substrates 
[15-17]. However, previous work has shown that GH10 EX 
addition was more effective on corn fibre and hydrother- 
mally pretreated wheat straw [16,17] while GH11 EX was 
more hydrolytic on destarched wheat bran arabinoxylan 
[15]. Although synergistic cooperation between GH10 EX 
and GH11 EX was observed [16,18] during the hydrolysis 
of corn fiber, a similar level of synergism was not observed 
[15] during hydrolysis of arabinoxylan obtained from wheat 
bran. A related study [19] showed that the addition of both 
GH10 EX and GH11 EX along with other enzymes resulted 
in a more effective enzyme cocktail when hydrolysing the 
cellulosic component of ammonia fiber expansion (AFEX) 



pretreated corn stover. This earlier work suggested that 
GH10 EX had broad catalytic specificity and that this en- 
zyme might prove to be a better candidate for enhancing 
the hydrolysis of more realistic biomass substrates. 

Xyloglucanase addition has also been shown to enhance 
the hydrolyzability of various lignocellulosic substrates 
when added to a cellulase mixture [20,21]. Xyloglucanase 
is known to hydrolyze xyloglucan, which is one of the 
major components of the primary cell wall of higher 
plants and it has been shown to limit the accessibility of 
cellulase enzymes to the cellulosic component [20,22-24]. 
Benko et al., [20] showed that a xyloglucanase from 
Trichoderma reesei enhanced the catalytic performance of 
a cellulase mixture during hydrolysis of several lignocel- 
lulosic substrates. Related work also showed that the 
depolymerization and re-arrangement of the linkages in 
xyloglucan by hydrolases or transferases was an essential 
step in plant cell wall expansion and deposition during cell 
growth [25]. This suggested that the cleavage of glycosidic 
linkages within the xyloglucan resulted in the swelling of 
the cellulose microfibrils [22,24] which has been shown to 
increase cellulose accessibility and, consequently, effective- 
ness of enzyme hydrolysis [22] . 

The work reported here has looked at the potential 
synergistic interaction between cellulases and several 
hemicellulosic hydrolyzing enzymes (GH11 EX, GH10 
EX), and a family 5 xyloglucanase (GH5 XG) during the 
enzymatic hydrolysis of various steam pretreated lignocel- 
lulosic substrates. As well as adjusting the "cocktails" at the 
beginning on the hydrolysis we also tried to "re-start" hy- 
drolysis by the addition of further enzymes when the rate 
of hydrolysis had leveled off. As is explained later, although 
GH11 EX exhibited higher activity on "model" xylanolytic 
substrates, GH10 EX addition was better able to boost the 
hydrolytic potential of the cellulase monocomponents 
during hydrolysis of pretreated lignocellulosic substrates. 
However, the observed improvements in hydrolysis yields 
were highly substrate dependent. 

Results 

Chemical composition of pretreated substrates 

Of the three pretreated agricultural residues (corn stover, 
sweet sorghum bagasse, and corn fiber), the steam 
pretreated sorghum bagasse (SPSB) and the steam 
pretreated corn stover (SPCS) showed only slight differ- 
ences in their xylan content (9.8% and 7.0%, respect- 
ively) (Table 1). As expected, the steam pretreated corn 
fiber (SPCF) had a much higher xylan content (15.3%) 
with the highly branched xylan backbone resulting in a 
significant amount of arabinosyl (6.9%), galactosyl 
(2.8%), and mannosyl (2.2%) residues as compared to 
the SPCS and SPSB substrates (Table 1). When the pop- 
lar chips were steam pretreated at increasing severities, 
the cellulosic rich, water insoluble fractions had a xylan 
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Table 



Substrate 


Pretreatment 
conditions 


Ara 


Composition of pretreated feedstocks 
Gal Glu Xyl Man 


AIL 


Abbreviation 


Corn fiber 


190°C, 5 min, 3% S0 2 


6.9 


2.8 


38.2 


15.3 


2.2 


12.6 


SPCF 


Sweet sorghum bagasse 


190°C, 5 min, 3% S0 2 


0.6 


0.8 


54.3 


9.8 


1.0 


25.8 


SPSB 


Corn stover 


190°C, 5 min, 3% S0 2 


1.0 


0.7 


56.1 


7.0 


1.1 


27.0 


SPCS 


Poplar 


180°C, 5 min, 4% S0 2 


0.3 


0.8 


59.8 


6.6 


1.3 


30.4 


SPP180 




200°C, 5 min, 4% S0 2 


0.3 


0.8 


59.3 


3.7 


1.2 


33.9 


SPP200 


Lodgepole pine 


200°C, 5 min, 4% S0 2 


bdl 


bdl 


46.4 


bdl 


bdl 


45.0 


SPLP 



Ara Arabinan, Xyl Xylan, Glu Glucan, Gal Galactan, Man Mannan, AIL Acid Insoluble Lignin, bdl below detectable level. 



content of 6.6% (SP180) and 3.7% (SP200) respectively. 
These substrates were subsequently used to try to assess 
how the relative amount of residual hemicellulose might 
influence the benefit of adding accessory enzymes, such 
as xylanases, on the overall ease of cellulose hydrolysis. 
The steam pretreated lodgepole pine (SPLP) contained 
undetectable levels of mannan, typically found in soft- 
wood hemicelluloses (Table 1). 

Determination of enzymatic activities using "model" 
substrates 

The xylanase, xyloglucanase, endo-glucanase, (3-glucosidase 
and (3-xylosidase activities of the purified enzymes were 
determined as detailed in the material and methods section 
(Table 2). As expected, both family endo-xylanases were 
able to effectively hydrolyze all of the xylan "model" 
substrates, while the other enzymes showed very low or un- 
detectable levels of activity. The GH11 EX showed substan- 
tially higher hydrolytic activity (190-230 U/mg) on all of 
the xylan substrates than did GH10 EX (100-160 U/mg). 
This difference in activity was also observed previously [26] 
when using thermostable recombinant xylanases from 
Nonomuraea flexuosa and Thermoascus aurantiacus. 
When various /7-nitrophenyl (pNP) substrates were used to 
assess any differences between the two xylanases, the GH10 
EX showed detectable activities on pNPC, pNPG, and 
pNPX, suggesting that GH10 EX had a broader catalytic 
versatility and may also have higher hydrolysis efficiency to- 
wards short xylooligomers (p-NPX activity) as compared to 
GH11 EX. In contrast, the family 5 xyloglucanase (GH5 
XG) was the only enzyme that showed significant activity 
towards xyloglucan (146 U/mg) (Table 2). It also displayed 



noticeable hydrolytic activity towards CMC (3.7 U/mg). Of 
the various cellulase monocomponents that were assessed, 
only Cel7A showed any activity on the p-NPC substrate 
and it also showed detectable levels of activity on other 
"model" substrates such as CMC, xylan (birch wood, beech 
wood, oat spelts) and xyloglucan (Table 2). As expected, |3- 
glucosidase was the only enzyme that displayed notable ac- 
tivity on the p-NPG substrate (0.4 U/mg). 

Interaction of GH11 EX with cellulase monocomponents 

Earlier work had shown the strong synergistic cooperation 
between a commercial cellulase mixture (Novozymes 
Celluclast 1.5 L) and a commercial xylanase mixture 
(Genencor Multifect Xylanase) during hydrolysis of SPCS 
[3]. This synergism resulted in a 7-fold reduction in the 
total amount of cellulase loading required to achieve a 
similar extent of hydrolysis [3]. As the Multifect Xylanase 
preparation used for this earlier work was enriched in sev- 
eral xylanases, we were not able to identify which protein 
or proteins acted synergistically with the cellulases. To try 
to identify which of the proteins resulted in this significant 
synergistic interaction, we purified the major cellulase 
monocomponents present in Celluclast 1.5 L and the 
major xylanase present in Multifect Xylanases. 

The major protein within the Multifect Xylanase was 
found to be GH11 EX, as shown by tandem mass spec- 
trometry, with this protein constituting more than 80% 
of the total protein present in the mixture. As expected, 
it had a relatively low molecular weight of about 20 kDa 
(Figure 1). The major cellulase monocomponents within 
Celluclast 1.5L, on a protein weight basis, were T. reesei 
Cel7A, Cel6A, Cel7B, and Cel5A (Figure 1), which 



Table 2 Specific activities (U/mg) of the purified enzymes assessed on 


"model" substrates 








Enzymes 


Birch wood xylan 


Beech wood xylan 


Oat spelts xylan 


Xyloglucan 


CMC 


p-NPC 


p-NPG 


p-NPX 


GH11 EX 


193.2 


191.5 


229.3 


n/a 


n/a 


n/a 


n/a 


n/a 


GH10 EX 


103.6 


119.2 


162.9 


n/a 


n/a 


<0.2 


<0.1 


0.5 


GH5 XG 


n/a 


n/a 


n/a 


145.6 


3.7 


n/a 


n/a 


n/a 


Cel7A 


<0.2 


0.2 


<0.2 


1.24 


<0.2 


0.3 


n/a 


n/a 


GH3 BG 


n/a 


0.2 


0.35 


n/a 


n/a 


<0.1 


0.4 


n/a 



n/a - negligible activity was detected. 
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115 — m 




M123 4 5 6 7 8 M 

Figure 1 SDS-PAGE of purified enzymes: GH1 1 EX (lane 1), GH10 EX (lane 2), GH5 XG (lane 3), Cel7A (lane 4), Cel6A (lane 5), Cel7B 
(lane 6), CelSA (lane 7), GH3 BG (lane 8) and marker (lane M). Proteins were identified by LC-MS/MS. Proteins are named according to their 
glycoside hydrolase family. 



comprise about 56%, 12%, 5%, and 6% of the total pro- 
tein respectively. These values were similar to the pro- 
portion of protein concentrations reported earlier by 
other workers [27,28]. 

The possible synergistic interaction between the GH11 
EX and the cellulase monocomponents, Cel7A, Cel6A, 
and Cel5A was first assessed using both a "model" cellu- 
losic substrate (dissolving pulp, DP) and a pretreated 
biomass substrate (SPCS). As Cel7B had previously been 
shown to exhibit significant levels of endo-xylanase ac- 
tivity [29,30], its interaction with GH11 EX was not 
assessed. When dissolving pulp was used as the sub- 
strate, the addition of GH11 EX enhanced the hydrolytic 
activity of both of the exo-type cellulases (Cel7A and 
Cel6A) but not the endo-type cellulase (Cel7B), as deter- 
mined by the amount of glucose released (Table 3). When 
the enzyme interactions were assessed on the SPCS sub- 
strate, the addition of GH11 EX enhanced the hydrolytic 
potential of all of the cellulase monocomponents (Cel7A, 
Cel6A, and Cel5A). In all cases, the highest enhanced cel- 
lulolytic activity promoted by GH11 EX was observed with 
Cel7A (Table 3). Although the BSA protein control, used 
to substitute for GH11 EX, also improved the hydrolytic 
activity of the cellulase enzymes (Table 3), the slight in- 
crease in hydrolysis due to BSA addition was substantially 



lower than the benefit observed after GH11 EX addition. 
This beneficial action combined with the previous obser- 
vation that GH11EX alone showed no hydrolytic activity 
towards either the DP or SPCS substrates indicated that 
the greater hydrolytic potential exhibited by the cellulase 
monocomponents after GH11 EX addition was the re- 
sult of the synergistic interaction of the GH11 xylanase 
and cellulase monocomponents. As Cel7A displayed the 
highest degree of synergism with GH11 EX on both the 
DP and SPCS substrates, it was used to try to better de- 
fine the mechanisms behind the observed synergistic 
interaction between the enzymes. 

Enhancement of the hydrolytic activity of Cel7A on 
various lignocellulosic substrates by the addition of 
accessory enzymes 

The potential of the hemicellulose-hydrolyzing enzymes 
GH10 EX, GH11 EX, and GH5 XG to enhance the 
hydrolytic activity of Cel7A was next assessed on the 
dissolving pulp and the various pretreated lignocellulosic 
substrates (Figure 2). It was apparent that both of the 
endo-xylanases (GH10 EX and GH11 EX) could effect- 
ively enhance the cellulolytic activity of Cel7A on all of 
the pretreated lignocellulosic substrates tested. Com- 
pared to GH11 EX, the addition of GH10 EX resulted in 



Table 3 Cellulose hydrolysis of dissolving pulp (DP) and steam pretreated corn stover (SPCS) by cellulase 
monocomponents with or without supplemental GH11 EX after 72 h 

Cel7A Cel7A + GH11 EX Cel7A + BSA Cel6A Cel6A + GH11 EX Cel6A + BSA Cel5A Cel5A + GH11 EX Cel5A + BSA 

DP 41.4% 51.3% 48.4% 10.8% 12.1% 11.7% 9.6% 8.8% 8.6% 

SPCS 22.2% 30.1% 24.9% 34% 5.5% 3.9% 0.5% 1.5% 0.9% 



Control: BSA. 
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Figure 2 Relative improvement in cellulose hydrolysis by supplementation of accessory enzymes (GH1 1 EX, GH10 EX and GH5 XG) to 
Cel7A during hydrolysis of various pretreated lignocellulosic substrates (SPCS, SPCF, SPSB, SPLP, SPP180 and SPP200) after 72 h. 

Substrate control: dissolving pulp (DP). Protein control: BSA. 



substantial increases in the hydrolytic action of Cel7A. The 
range of improvement varied from 10 to 100% depending 
on the substrate that was used. A greater increase in hy- 
drolysis due to GH10 EX addition was observed with the 
relatively higher xylan containing substrates such as SPCS 
(7.0%), SPSB (9.8%) and SPP180 (6.6%), resulting in > 80% 
increase in the catalytic activity of the supplemented Cel7A 
(Figure 2). However, there was only a modest increase in 
the hydrolytic activity of Cel7A when each of the endo- 
xylanases was supplemented during the hydrolysis of the 
SPCF substrate, despite its high xylan (15%) content 
(Table 1). Endo-xylanases also significantly improved the 
hydrolytic activity of Cel7A when added to substrates 
containing very low or virtually no xylan such as the DP 
and SPLP substrates (Table 2). Although the addition of 
the BSA controls resulted in improvements in the range of 
0.5-20% (Figure 2), these increases in the hydrolytic poten- 
tial of Cel7A were again, substantially lower than those 
achieved after GH10 EX and GH11 EX supplementation. 

We next used the two steam pretreated poplar samples 
with differing hemicellulose content (SPP180 (6.6% xy- 
lan) and SPP200 (3.7% xylan)) to assess the possible 



influence of the xylan on the hemicellulose-depolymerizing 
enzyme's ability to improve the cellulolytic activity of 
Cel7A. The addition of the GH11 EX resulted in similar 
hydrolysis improvements (about 20%) on both substrates 
despite the almost 2-fold higher xylan content in the 
SPP180 substrate as compared to the SPP200 substrate 
(Table 2). In contrast, GH10 EX addition improved the 
Cel7A catalytic activity 4-fold when applied to the SPP180 
substrate (95%) compared to the hydrolysis yield observed 
with the SPP200 substrate (24%). 

The trends observed in Figure 2 showed that GH5 XG 
addition slightly improved Cel7A activity when acting on 
the SPCF and SPP180 substrates whereas a significant im- 
provement (about 20%) was observed on the SPLP sub- 
strate. It appears that the greatest improvements in Cel7A 
hydrolytic activity were observed when the supplemental 
enzymes were added to the hydrolysis of the pretreated 
wood substrates (SPP180, SPP200, and SPLP). 

To try to assess the possible synergistic cooperation 
between cellulases and hemicellulases as a function of 
hemicellulases loading, the SPCS was hydrolyzed with 
cellulases supplemented with varying amounts of GH10 
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EX. The titration curve indicated that the cellulose hy- 
drolysis boosting effect of adding xylanases decreased 
slightly (from -90% to -85%) when GH10 EX loading 
was decreased by half (5 mg/g glucan). Further decreas- 
ing the GH10 EX enzyme loading to 3 and 1 mg/g 
glucan could still improve cellulose hydrolysis by -50% 
and -18%, respectively. 

Enhancement of the hydrolytic activity of Cel7A on 
various lignocellulosic substrates by the addition of 
binary mixtures of accessory enzymes 

To assess the possible synergistic interaction between 
the accessory enzymes and Cel7A, binary mixtures of 
GH10 EX/GH11 EX, GH10 EX/GH5 XG, and GH11 
EX/GH5 XG were formulated and compared with the 
hydrolysis obtained when Cel7A was supplemented with 
GH10 EX alone (Figure 3). With the exception of the 
binary mixture GH11 EX/GH5 XG, all of the other 
binary mixtures resulted in a similar or an increase in 
hydrolytic activity as compared to when Cel7A was 
supplemented with GH10 EX alone. The greatest im- 
provement was observed with binary mixture GH10 EX/ 



GH5 XG, which enhanced the glucose yields obtained 
from the SPCS, SPP200, DP and SPLP substrates by 120, 
60, 60 and 20% respectively (Figure 3). As GH5 XG had 
previously exhibited detectable CMCase activity (Table 2), 
we next substituted GH5 XG in the binary mixture GH10 
EX/GH5 XG with a purified endo-glucanase (Cel5A) to 
assess the interaction of GH10 EX with a "true" 
endoglucanase enzyme. Although the addition of the 
GH10 EX/Cel5A mixture resulted in the improved 
hydrolytic activity of the Cel7A on the SPLP and 
SPP200 substrates as compared to the addition of GH 
10 EX alone, these improvements were similar (on 
SPLP) or lower (on DP, SPCS and SPP200) to those ob- 
served with the GH10 EX/GH5 XG mixture. This sug- 
gested that the detected endo-glucanase activity of GH5 
XG did not explain the strong synergistic interaction 
observed with the binary mixture GH10 EX/GH5 XG. 

Subsequent GH10 EX addition releases bound Cel7A and 
restarts hydrolysis after glucose yields have levelled off 

To try to further determine the possible mechanisms in- 
volved in the observed improvements in the cellulolytic 
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Figure 3 Relative improvement in cellulose hydrolysis by supplementation of binary mixtures of accessory enzymes (GH 11 EX/GH 1 0EX, 
GH11EX/GH5XG and GH10EX/GH5XG) to Cel7A during the hydrolysis of various pretreated lignocellulosic substrates (SPCS, SPLP and 
SPP200) at 72 h. Substrate control: dissolving pulp (DP). Enzyme control: GH10EX and GH10EX/Cel5A. 
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activity of Cel7A due to GH10 EX addition, hydrolysis 
experiments were carried out where the SPCS substrate 
was initially hydrolyzed with Cel7A followed by addition 
of GH10 EX (or other protein control) at a time when 
cellulose hydrolysis was observed to start levelling off. 
The hydrolysis of SPCS by Cel7A followed a typical hy- 
drolysis profile (as shown in Figure 4) where, after an 
initial rapid rate of hydrolysis, the rate gradually de- 
creased. The addition of more Cel7A after 24 h to the 
prehydrolyzed substrate resulted in an increase in hy- 
drolysis, from 21 to 28% after 48 h, and from 28 to 32% 
after 72 h. However, the addition of GH10 EX rather 
than the Cel7A to the 24 h-prehydrolyzed SPCS resulted 
in significantly better cellulose hydrolysis, with the yields 
increased from 21 to 33% after 48 h and from 33 to 38% 
after 72 h (Figure 4). Controls where BSA and GH3 BG 
were each added after 24 h to the prehydrolyzed sub- 
strate did not promote a significant increase in cellulose 
hydrolysis. 

We next tried to quantify the adsorption/desorption 
profile of Cel7A after 24 h hydrolysis in the presence 
and absence of GH10 EX or the protein control (BSA) 
(Figure 5). In general, when Cel7A alone was added, its 



adsorption profile did not change during the following 
48 h, other than a slight decrease in the amount of 
protein detected in the supernatant after this additional 
48 h. However, the addition of GH10 EX resulted in a 
different Cel7A adsorption/desorption profile with al- 
most 40% of the Cel7A desorbed within 60 seconds after 
the addition of GH10 EX. After a further 10 min, the 
amount of Cel7A in solution started to gradually de- 
crease, indicating the re-adsorption of the Cel7A onto 
the SPCS substrate. 

Discussion 

It is recognised that one of the ongoing challenges for 
any biomass-to-sugars process is to use minimum pro- 
tein loadings to achieve good sugar yields on heteroge- 
neous lignocellulosic substrates. Recent work [3,4] has 
shown how important the role that so-called accessory 
enzymes (xylanases, AA9, etc.) can play in achieving this 
goal. Although all of the xylanases assessed in the current 
work acted synergistically with cellulases to enhance the 
hydrolysis of the cellulose present in a range of pretreated 
lignocellulosic substrates, the extent of improvement was 
highly dependent on the substrate used as well as on the 



40% 



35% 



30% 



25% 



_>- 

o 



HI 

8 



<3 



20% 



15% 



10% 



5% 



0% 



-*-Cel7A 

-■—addition of GH10 EX 
— • — addition of Cel7A 
--♦--addition of GH3 BG 
- O- addition of BSA 



12 



24 



36 



48 



60 



72 



Hydrolysis time (h) 



Figure 4 Time course of hydrolysis of steam pretreated corn stover (SPCS) by (A) 15 mg Cel7A with the addition of (■) 10 mg GH10 
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nature of the accessory enzyme added. In general, the 
endo-xylanases interacted synergistically with the cellu- 
lases in the hydrolysis of the steam pretreated agriculture 
residues (SPCS, SPSB) and hardwood (SPP180, SPP200). 
These substrates had a relatively high xylan content. In 
contrast, as was previously observed by Benko et al, [20], 
the greatest hydrolysis boosting effect obtained with 
xyloglucanase addition was observed during hydrolysis of 
steam pretreated softwood (SPLP), which contained virtu- 
ally no xylan (Table 1). Interestingly, despite the much 
higher xylan content of the SPCF substrate (15.3%) as 
compared to, SPCS (7%) and SPSB (9.8%), no significant 
enhancement in cellulose hydrolysis was observed after 
endo-xylanases addition (Figure 2). This could have been 
due to the highly branched xylan structure of the SPCF 
substrate which would be expected to restrict the accessi- 
bility of endo-xylanase towards the glycosidic bonds 
within the xylan backbone [31,32]. 

Previous work has suggested that GH11 EX can act as 
an important accessory enzyme capable of boosting bio- 
mass hydrolysis due to its ability to effectively hydrolyze 
various xylanolytic substrates [10,33]. Its relatively small 
size is also thought to facilitate access to the xylan 



backbone in the complex cellulose-hemicellulose-lignin 
matrix [9,34]. However, among the hemicellulases that 
were assessed, despite the higher xylanase activity of 
GH11 EX when compared to GH10 EX, the GH10 EX 
resulted in a greater synergistic interaction than did the 
GH11 EX during the hydrolysis of all of the pretreated 
lignocellulosic substrates. This observation agrees with 
previous work [35] which suggested that "model" sub- 
strates used to detect enzyme activity do not necessarily 
predict their hydrolytic performance on heterogeneous 
lignocellulosic materials. The greater boosting effect of 
adding supplemental GH10 EX to cellulases was likely 
due to its ability to extensively cleave xylan to smaller 
chain products [17,36]. It has long been suggested that, 
the longer the xylo-oligosaccharides, the greater the ex- 
tent of cellulases inhibition [37,38]. In addition, GH10 
EX has also been shown to have a higher affinity to the 
highly branched xylan backbone [36,39] and to be more 
tolerant than GH11 EX to plant protein inhibitors such 
as TAXI and XIP [40]. 

Although earlier work [19] had shown cooperative inter- 
action between accessory enzymes such as GH11 EX and 
GH 10 EX to enhance glucose release during lignocellulose 
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hydrolysis, we found that the binary mixtures of these two 
family endo-xylanases mixture (GH11 EX/GH10 EX) 
resulted in equal or slightly lower improvements in cellu- 
lose hydrolysis yields than did the addition of GH10 EX 
alone to the cellulases. However, this earlier work [19] used 
AFEX pretreated corn stover, in contrast to the S0 2 -cata- 
lyzed steam explosion pretreatment used in this study. It is 
likely that the AFEX treatment left a far higher amount of 
residual hemicellulose in association with the cellulose, 
likely requiring the cooperation of both family endo- 
xylanases to achieve effective cellulose hydrolysis. 

Although the GH11 EX/GH5 XG mixture did not ap- 
pear to offer any advantages in enhancing the hydrolytic 
activity of Cel7A beyond the enhancement observed 
with the individual enzymes, a strong synergistic co- 
operation was observed with the GH10 EX/GH5 XG 
mixture. Although the exact mechanisms behind this 
cooperation have yet to be fully resolved, it is likely that 
accessory enzymes with broader substrate specificities 
(such as GH10 EX and GH5 XG) result in stronger 
cooperative interactions with cellulase enzymes and 
therefore the greater hydrolysis yields observed with the 
pretreated biomass substrates. 

One of the ways that accessory enzymes are thought 
to aid in achieving better hydrolysis is by helping release 
or dislodge cellulases that seem to be stuck on the 
substrate. For example, Eriksson et al. [41] observed a 
change in the adsorption equilibrium of Cel7A upon 
addition of Cel7B when the hydrolysis of steam pre- 
treated spruce had levelled off. They suggested this was 
due to competition between the two cellulases. It is 
likely that, in the work reported here, the observed 
change in the adsorption equilibrium of Cel7A upon 
addition of GH10 EX is also due to competitive adsorp- 
tion. It is also worth noting that, like Cel7B, GH10 EX 
has a cellulose binding module with high affinity to cel- 
lulose [42,43] . Previous work has shown that Cel7A gets 
stuck on cellulose microfibrils during enzymatic cellu- 
lose hydrolysis [44], leading to a substantial decrease in 
the rate of hydrolysis. It is possible that the GH10 EX 
hydrolyzed possible obstacles such as xylan that re- 
stricted the processive movement of the Cel7A. 

One of the main challenges in achieving effective cel- 
lulose hydrolysis is to overcome the still-not-well-under- 
stood gradual decrease in hydrolysis rate in the latter 
stages of hydrolysis. Various mechanisms are thought to 
play a role such as the inactivation of cellulase enzymes 
(denaturation, product inhibition, unproductive binding) 
and an increase in the recalcitrance of the residual sub- 
strate [41,45]. The results presented here indicate that 
two of the major roles that accessory enzymes such as 
xylanases might play in enhancing the hydrolytic poten- 
tial of a "cellulase mixture" is to both help release cellu- 
lases that are stuck on the substrate while hydrolysing 



the non-cellulose components of the substrate that re- 
strict access of the cellulases to the cellulose. 

Methods 

Lignocellulosic substrates pretreatment and composition 

Three different agricultural residues (corn stover, sweet 
sorghum bagasse, and corn fiber), one hardwood (pop- 
lar), and one softwood (lodgepole pine) substrates were 
steam pretreated as described earlier [46-48]. Pretreatment 
conditions were a compromise, based on the previous 
work to both maximise overall sugar recovery (hemicellu- 
lose and cellulose) while providing a cellulosic component 
that could be readily hydrolysed with relatively low enzyme 
loadings. A poplar sample (SPP180) was also pretreated at 
low severity in order to maintain a relatively high hemicel- 
lulose/xylan content in the water insoluble cellulosic 
fraction. The chemical composition of the water insoluble 
fraction after steam pretreatment was determined using 
the modified Klason lignin method derived from the 
TAPPI standard method T222 om-88, as previously de- 
scribed [49]. The pretreatment conditions and chemical 
composition of the pretreated substrates are shown in 
Table 1. Dissolving pulp (DP) was used as an almost pure 
cellulolytic substrate control (less than 0.5% lignin, less 
than 3% xylan). 

Enzymes purification 

Four major cellulase components of T. reesei, Cel7A 
(CBHI), Cel6A (CBHII), Cel7B (EGI), and Cel5A (EGII) 
were purified from Celluclast 1.5 L (Novozymes, 
Franklington, NC) as previously reported [28,50-52]. 
Family 11 endo-xylanase (GH11 EX) and family 3 (3- 
glucosidase (GH3 BG) were purified from Multifect 
Xylanases (Genencor US Inc., Palo Alto, CA) and 
Novozyme 188 (Novozymes A/S, Bagsvaerd, Denmark), 
respectively, as described by [53]. In brief, family 10 
endo-xylanase (GH10 EX) was purified from H-Tec 
(Novozymes, Franklington, NC) through two steps of 
chromatography. First the enzyme mixture was injected 
into a size exclusion column (Hiload 16/60 Superdex 75 
prep grade column) with an isocratic flow of triethanol 
amine (TEA) buffer (20 mM, pH 7.0). The peaks 
containing the majority of the endo-xylanase activity were 
collected and further purified by ion exchange chromatog- 
raphy (using an ion exchange UNO Ql column) with a 
linear gradient change of buffer stock A (20 mM TEA, pH 
7.0) to buffer stock B (20 mM TEA, 1 M Nacl, pH 7.0). 
The family 5 xyloglucanase (GH5 XG) derived from 
Paenibacillus sp. was purchased from Megazyme and 
desalted using a sodium acetate buffer (50 mM, pH 4.8). 

All purification procedures were performed in an auto- 
mated FPLC system (BioLogic Due-Flow). The buffers used 
for enzyme purification were prepared using nanopure 
water and filtered through a 0.22 urn membrane filter 
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(Millipore) followed by sonication for at least 30 min. 
The purity of the enzymes and lack of contamination by 
other cellulases and hemicellulases was confirmed by 
SDS-PAGE and Liquid chromatography-mass spec- 
tra metry/mass spectrometry (LCMS/MS) as described 
by Pribowo et al., [54]. 

Enzymatic hydrolysis 

The purified enzymes were used in different combinations 
and the cellulase monocomponents (Cel7A, Cel6A, Cel7B, 
and Cel5A) were assessed at a loading of 15 mg/g cellulose 
while the accessory enzymes (GH11 EX, GH10 EX, and 
GH5 XG) were individually assessed at loading of 10 mg/g 
cellulose, or at a loading of 5 mg/g cellulose when used in 
a binary combination. All of the reconstituted enzyme 
mixtures were supplemented with GH3 B-glucosidase at a 
loading of 2.5 mg/g cellulose. 

The hydrolysis assays were carried out at 2% (w/v) 
solids loading in sodium acetate buffer (50 mM, pH 4.8) 
in an 8 ml total volume. The reaction mixtures were mech- 
anically shaken in an orbital shaker incubator (Combi-D24 
hybridization incubator) at 50°C for up to 72 h. The restart 
hydrolysis experiments were carried out by incubating 
steam pretreated corn stover (SPCS) with Cel7A for 24 h. 
Thereafter, accessory enzymes and different protein con- 
trols were added to the pre-hydrolyzed mixture and incu- 
bated for a further 48 h. 

The hydrolysis was terminated by boiling the reaction 
mixture at 100°C for 10 min to inactivate the enzymes. 
The supernatants collected after centrifugation at 16000 g 
for 10 min and stored at -20°C for further analyses. Sub- 
strate and enzyme blanks were run at the same time by 
incubating the substrates without enzymes and by incu- 
bating the enzymes without substrates, respectively. 

Analytical methods 

The specific activities of the purified enzymes are detailed 
in Table 2. The xylanase, xyloglucanase, and carboxymethyl 
cellulose activities (CMCase) were assessed as described by 
[55]. The cellobiohydrolase, (3-glucosidase and |3-xylosidase 
activities were determined using j?-nitrophenyl-|3-D- 
cellobioside (/?-NPC), /?-nitrophenyl-[3-D-glucopyranoside 
(p-NPG), and />-nitrophenyl-P-D-xylopyranoside (/?-NPX) 
as substrates, respectively, according to [56]. The protein 
content was measured by the Ninhydrin assay using bovine 
serum albumin (BSA) as the protein standard [57] . 

In the restart hydrolysis experiments, the adsorption/ 
desorption profile of Cel7A after the addition of various 
enzymes and BSA was determined using an immunoassay 
to specifically quantify the amount of Cel7A present in 
the supernatant. Briefly, a monoclonal antibody (MAb) 
specific for Cel7A was used to distinguish this enzyme 
from the other enzymes present in the supernatant. A 
Cel7A polyclonal antibody (PAb) was then used to bind 



the captured Cel7A. The amount of Cel7A was indir- 
ectly quantified by measuring the bound PAbs using a 
third antibody conjugated to alkaline phosphatase (AP, 
Biorad). The quantitation was achieved by adding p- 
nitrophenylphosphate (Bio-Rad), a substrate for alkaline 
phosphate, and the reaction was incubated at room 
temperature for 30 min. The reaction was stopped by 
adding 400 mM glycine-NaOH. The amount of Cel7A 
was then indirectly quantified by measuring the absorb- 
ance of p-nitrophenyl at 405 nm. 

The quantitative analysis of chemical compositions of 
various steam pretreated lignocellulosic substrates after 
Klason procedure were performed by high performance 
anion exchange chromatography (Dionex DX-3000, 
Sunnyvale, CA) as described earlier [58]. The quantita- 
tive analysis of glucose concentration in the hydrolysate 
was performed by Glucose Oxidase Assay [59]. The ex- 
tent of cellulose hydrolysis of the pretreated substrates 
was calculated as a percentage of the theoretical glucan 
available in the substrate. All hydrolysis experiments 
were performed in duplicate and the mean values and 
standard deviations are presented. 

Abbreviations 

SPCS: Steam pretreated corn stover: SPCF: Corn fiber: SPSB: Sweet sorghum 
bagasse: SPLP: Lodgepole pine: SPP180: Poplar steam pretreated at 180°C; 
SPP200: Poplar steam pretreated at 200°C; DP: Dissolving pulp; BSA: Bovine 
serum albumin; GH1 1 EX: Glycoside hydrolase family 1 1 endo-xylanase; GH10 
EX: Family 10 endo-xylanase; GH5 XG: Family 5 xyloglucanase; GH3 
BG: Family 3 (3-glucosidases. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

All authors (JH, VA, AP and JNS) contributed jointly to all aspects of the work 
reported in the manuscript. All authors have read and approved the final 
manuscript. 

Acknowledgements 

The Natural Sciences and Engineering Research Council of Canada (NSERC), 
Natural Resources Canada (NRCan) and Genome BC are gratefully 
acknowledged for the support of this work. We would like to thank 
Novozymes and Genecor for their donations of the enzymes preparations 
used in this study. 

JH gives his sincere thanks to the China Scholarship Council of the Ministry 
of Education of China for their financial support. All of the authors thank the 
members of the UBC FPB/Bioenergy Group for invaluable discussions and 
help. 

Received: 20 May 2013 Accepted: 2 August 2013 
Published: 3 August 2013 

References 

1. Arantes V, Saddler JN: Cellulose accessibility limits the effectiveness of 
minimum cellulase loading on the efficient hydrolysis of pretreated 
lignocellulosic substrates. Biotechnology for Biofuels 201 1 , 4:3. 

2. McMillan JD, Jennings EW, Mohagheghi A, Zuccarello M: Comparative 
performance of precommercial cellulases hydrolyzing pretreated corn 
stover. Biotechnology for Biofuels 201 1, 4:29. 

3. Hu J, Arantes V, Saddler JN: The enhancement of enzymatic hydrolysis of 
lignocellulosic substrates by the addition of accessory enzymes such as 
xylanase: is it an additive or synergistic effect? Biotechnology for Biofuels 
2011,4:36. 



Hu ef al. Biotechnology for Biofuels 201 3, 6:1 1 2 
http://www.biotechnologyforbiofuels.eom/content/6/1/1 12 



Page 11 of 12 



4. Harris PV, Welner D, McFarland KC, Re E, Poulsen JN, Brown K, Salbo R, Ding 
H, Vlasenko E, Merino S, Xu F, Cherry J, Larsen S, Lo Leggio L: Stimulation 
of lignocellulosic biomass hydrolysis by proteins of glycoside hydrolase 
family 61: structure and function of a large, enigmatic family. 
Biochemistry (N Y) 2010, 49(1 5):3305-331 6. 

5. Banerjee G, Car S, Scott-Craig JS, Borrusch MS, Bongers M, Walton JD: 
Synthetic multi-component enzyme mixtures for deconstruction of 
lignocellulosic biomass. Bioresour Technol 2010, 101 (23)5097-91 05. 

6. Quiroz-Castaneda RE, Martinez-Anaya C, Cuervo-Soto LI, Segovia L, Folch- 
Mallol JL: Loosenin, a novel protein with cellulose-disrupting activity 
from Bjerkandera adusta RID A-5206-2008. Microb Cell Fact 201 1, 10:8. 

7. Zhou Q, Lv X, Zhang X, Meng X, Chen G, Liu W: Evaluation of swollenin 
from Trichoderma pseudokoningii as a potential synergistic factor in the 
enzymatic hydrolysis of cellulose with low cellulase loadings. World J 
Microbiol Biotechnol 201 1 , 27(8):1 905-1 91 0. 

8. Arantes V, Saddler JN: Access to cellulose limits the efficiency of 
enzymatic hydrolysis: the role of amorphogenesis. Biotechnology for 
Biofuels 2010, 3:4. 

9. Viikari L, Kantelinen A, Sundquist J, Linko M: Xylanases in Bleaching - from 
an Idea to the Industry. FEMS Microbiol Rev 1994, 13(2-3)335-350. 

10. Wong KKY, Tan LUL, Saddler JN: Multiplicity of Beta-1,4-Xylanase in 
Microorganisms - Functions and Applications. Microbiol Rev 1988, 
52(3)305-317. 

1 1. Saha B: Hemicellulose bioconversion. J Ind Microbiol Biotechnol 2003, 
30(5)279-291. 

1 2. Pell G, Taylor E, Gloster T, Turkenburg J, Fontes C, Ferreira L, Nagy T, Clark S, 
Davies G, Gilbert H: The mechanisms by which family 10 glycoside 
hydrolases bind decorated substrates RID A-9042-201 1 . J Biol Chem 2004, 
279(1 0):9597-9605. 

1 3. Pol let A, Delcour JA, Courtin CM: Structural determinants of the substrate 
specificities of xylanases from different glycoside hydrolase families. 
Git Rev Biotechnol 201 0, 30(3):1 76-1 91 . 

14. Ustinov BB, Gusakov AV, Antonov Al, Sinitsyn AP: Comparison of properties 
and mode of action of six secreted xylanases from Chrysosporium 
lucknowense. Enzyme Microb Technol 2008, 43(l):56-65. 

1 5. Beaugrand J, Chambat G, Wong V, Goubet F, Remond C, Paes G, 
Benamrouche S, Debeire P, O'Donohue M, Chabbert B: Impact and 
efficiency of GH10 and GH1 1 thermostable endoxylanases on wheat bran 
and alkali-extractable arabinoxylans RID F-2568-201 0 RID A-3438-2009. 
CarbohydrRes 2004, 339(15)2529-2540. 

16. Kim J, Irwin D, Wilson D: Purification and characterization of Thermobifida 
fusca xylanase 10B. Can J Microbiol 2004, 50(1 0):835-S43. 

1 7. Zhang J, Siika-aho M, Puranen T, Tang M, Tenkanen M, Viikari L: 
Thermostable recombinant xylanases from Nonomuraea flexuosa and 
Thermoascus aurantiacus show distinct properties in the hydrolysis of 
xylans and pretreated wheat straw. Biotechnology for Biofuels 201 1 , 4:1 2. 

18. Moral's S, Morag E, Barak Y, Goldman D, Hadar Y, Lamed R, Shoham Y, 
Wilson D, Bayer E: Deconstruction of Lignocellulose into Soluble Sugars 
by Native and Designer Cellulosomes. MBio 2012, 3(6):1 1. 

19. Gao D, Uppugundla N, Chundawat SPS, Yu X, Hermanson S, Gowda K, 
Brumm P, Mead D, Balan V, Dale BE: Hemicellulases and auxiliary enzymes 
for improved conversion of lignocellulosic biomass to monosaccharides. 
Biotechnology for Biofuels 201 1 , 4:5. 

20. Benko Z, Siika-aho M, Viikari L, Reczey K: Evaluation of the role of 
xyloglucanase in the enzymatic hydrolysis of lignocellulosic substrates. 
Enzyme Microb Technol 2008, 43(2):109-1 14. 

21. NISHITANI K: Endo-Xyloglucan Transferase, a New Class of Transferase 
Involved in Cell-Wall Construction. J Plant Res 1995, 108(1 089):1 37-148. 

22. Chanliaud E, De Silva J, Strongitharm B, Jeronimidis G, Gidley M: Mechanical 
effects of plant cell wall enzymes on cellulose/xyloglucan composites 
RID A-7266-2011. Plant Journal 2004, 38(1)27-37. 

23. Kaida R, Kaku T, Baba K, Oyadomari M, Watanabe T, Nishida K, Kanaya T, Shani 
Z, Shoseyov O, Hayashi T: Loosening Xyloglucan Accelerates the Enzymatic 
Degradation of Cellulose in Wood. Mol Plant 2009, 2(5)304-909. 

24. VINCKEN J, DEKEIZER A, BELDMAN G, VORAGEN A: Fractionation of 
Xyloglucan Fragments and their Interaction with Cellulose Rid A-1 778-2009 
Rid A-1901-2009. Plant Physiol 1995, 108(4):1 579-1 585. 

25. Hayashi T, Kaida R: Functions of Xyloglucan in Plant Cells. Mol Plant 2011, 
4(l):17-24. 

26. Zhang J, Tuomainen P, Siika-aho M, Viikari L: Comparison of the synergistic 
action of two thermostable xylanases from GH families 10 and 11 with 



thermostable cellulases in lignocellulose hydrolysis. Biotechnology 
Technology 201 1, 102(19)3090-9095. 

27. Martinez D, Berka RM, Henrissat B, Saloheimo M, Arvas M, Baker SE, 
Chapman J, Chertkov 0, Coutinho PM, Cullen D, Danchin EGJ, Grigoriev IV, 
Harris P, Jackson (VI, Kubicek CP, Han CS, Ho I, Larrondo LF, de Leon AL, 
Magnuson JK, Merino S, Misra M, Nelson B, Putnam N, Robbertse B, 
Salamov AA, Schmoll M, Terry A, Thayer N, Westerholm-Parvinen A, ef al: 
Genome sequencing and analysis of the biomass-degrading fungus 
Trichoderma reesei (syn. Hypocrea jecorina). Nat Biotechnol 2008, 
26(5)553-560. 

28. Zhou J, Wang Y, Chu J, Zhuang Y, Zhang S, Yin P: Identification and 
purification of the main components of cellulases from a mutant strain 
of Trichoderma viride T 100-14. Bioresour Technol 2008, 99(15)6826-6833. 

29. Biely P, Vrsanska M, Claeyssens M: The Endo-l,4-Beta-Glucanase-i from 
Trichoderma-Reesei - Action on Beta-1,4-Oligomers and Polymers Derived 
from D-Glucose and D-Xylose. EurJBiochem 1991, 200(1):157-163. 

30. Kleywegt GJ, Zou JY, Divne C, Davies GJ, Sinning I, Stahlberg J, Reinikainen 
T, Srisodsuk M, Teeri TT, Jones TA: The crystal structure of the catalytic 
core domain of endoglucanase I from Trichoderma reesei at 3.6 
angstrom resolution, and a comparison with related enzymes. J Mo! Biol 
1997, 272(3)383-397. 

31 . Bura R, Bothast RJ, Mansfield SD, Saddler JN: Optimization of S02- 
catalyzed steam pretreatment of corn fiber for ethanol production. Appl 
Biochem Biotechnol 2003, 105:319-335. 

32. Appeldoorn MM, Kabel MA, Van Eylen D, Gruppen H, Schols HA: 
Characterization of Oligomeric Xylan Structures from Corn Fiber 
Resistant to Pretreatment and Simultaneous Saccharification and 
Fermentation. J Agric Food Chem 2010, 58(21):1 1294-1 1301. 

33. Sun JY, Liu MQ, Xu YL, Xu ZR, Pan L, Gao H: Improvement of the 
thermostability and catalytic activity of a mesophilic family 1 1 xylanase 
by N-terminus replacement. Protein Expr Purif 2005, 42(1 ):1 22-1 30. 

34. Bonnin E, Daviet S, Sorensen JF, Sibbesen 0, Goldson A, Juge N, Saulnier L: 
Behaviour of family 10 and 11 xylanases towards arabinoxylans with 
varying sturcture. J Sci Food Agric 2006, 86(1 1):1 61 8-1 622. 

35. Pryor SW, Nahar N: Deficiency of Cellulase Activity Measurements for 
Enzyme Evaluation. Appl Biochem Biotechnol 2010, 162(6):1 737-1 750. 

36. Kolenova K, Vrsanska M, Biely P: Mode of action of endo-beta-1,4- 
xylanases of families 10 and 11 on acidic xylooligosaccharides. 
J Biotechnol 2006, 121 (3)338-345. 

37. Qing Q, Yang B, Wyman CE: Xylooligomers are strong inhibitors of cellulose 
hydrolysis by enzymes. Bioresour Technol 2010, 101(24)3624-9630. 

38. Qing Q, Wyman CE: Supplementation with xylanase and beta-xylosidase 
to reduce xylo-oligomer and xylan inhibition of enzymatic hydrolysis of 
cellulose and pretreated corn stover. Biotechnology for Biofuels 201 1, 4:18. 

39. Subramaniyan S, Prema P: Biotechnology of Microbial Xylanases: 
Enzymology, Molecular Biology and Application. Critical Reviews in 
Biotechnology 2002, 22(1)35-46. 

40. Payan F, Leone P, Porciero S, Furniss C, Tahir T, Williamson G, Durand A, 
Manzanares P, Gilbert H, Juge N, Roussel A: The dual nature of the wheat 
xylanase protein inhibitor XIP-I - Structural basis for the inhibition of 
family 10 and family 1 1 xylanases RID C-9684-2010. J Biol Chem 2004, 
279(34)36029-36037. 

41 . Eriksson T, Borjesson J, Tjerneld F: Mechanism of surfactant effect in 
enzymatic hydrolysis of lignocellulose. Enzyme Microb Technol 2002, 
31(3)353-364. 

42. Collins T, Gerday C, Feller G: Xylanases, xylanase families and 
extremophilic xylanases. FEMS Microbiology Reviews 2005, 29(1)3-23. 

43. Rabinovich ML, Melnick MS, Bolobova AV: The structure and mechanism of 
action of cellulolytic enzymes. Biochemistry-Moscow 2002, 
67(8):850-871. 

44. Igarashi K, Uchihashi T, Koivula A, Wada M, Kimura S, Okamoto T, Penttila M, 
Ando T, Samejima M: Traffic Jams Reduce Hydrolytic Efficiency of 
Cellulase on Cellulose Surface RID D-5209-201 1. Science 201 1, 
333(6047):1 279-1 282. 

45. Yang B, Willies DM, Wyman CE: Changes in the enzymatic hydrolysis rate 
of avicel cellulose with conversion. Biotechnol Bioeng 2006, 

94(6):1 122-1 128. 

46. Kumar L, Chandra R, Saddler J: Influence of Steam Pretreatment Severity 
on Post-Treatments Used to Enhance the Enzymatic Hydrolysis of 
Pretreated Softwoods at Low Enzyme Loadings. Biotechnol Bioeng 2011, 
108(10)2300-2311. 



Hu ef al. Biotechnology for Biofuels 201 3, 6:1 1 2 
http://www.biotechnologyforbiofuels.eom/content/6/1/1 12 



Page 12 of 12 



47. Ohgren K, Bura R, Saddler J, Zacchi G: Effect of hemicellulose and lignin 
removal on enzymatic hydrolysis of steam pretreated corn stover. 
Bioresour Technol 2007, 98(13):2503-2510. 

48. Bura R, Chandra R, Saddler J: Influence of Xylan on the Enzymatic 
Hydrolysis of Steam-Pretreated Corn Stover and Hybrid Poplar. 
Biotechnol Prog 2009, 25(2):31 5-322. 

49. Kumar L, Chandra R, Chung PA, Saddler J: Can the same steam 
pretreatment conditions be used for most softwoods to achieve good, 
enzymatic hydrolysis and sugar yields? Bioresour Technol 2010, 
101(20):7827-7833. 

50. Medve J, Karlsson J, Lee D, Tjerneld F: Hydrolysis of microcrystalline 
cellulose by cellobiohydrolase I and endoglucanase II from Trichoderma 
reesei: adsorption, sugar production pattern, and synergism of the 
enzymes. Biotechnol Bioeng 1998, 59(5):621 -634. 

51. Rosgaard L, Pedersen S, Langston J, Akerhielm D, Cherry JR, Meyer AS: 
Evaluation of minimal Trichoderma reesei cellulase mixtures on differently 
pretreated barley straw substrates. Biotechnol Prog 2007, 23(6): 1 270-1 276. 

52. Gama F, Vilanova M, Mota M: Exo- and endo-glucanolytic activity of 
cellulases purified from Trichoderma reesei. Biotechnol Tech 1998, 
12(9):677-681. 

53. Gao D, Chundawat SPS, Krishnan C, Balan V, Dale BE: Mixture optimization 
of six core glycosyl hydrolases for maximizing saccharification of 
ammonia fiber expansion (AFEX) pretreated corn stover. Bioresour Technol 
2010, 101(8)2770-2781. 

54. Pribowo AY, Hu J, Arantes V, Saddler JN: The development and use of an 
ELISA-based method to follow the distribution of cellulase 
monocomponents during the hydrolysis of pretreated corn stover. 
Biotechnology for Biofuels 2013, 6:80. 

55. Lin LL, Thomson JA: An Analysis of the Extracellular Xylanases and 
Cellulases of Butyrivibrio-Fibrisolvens HI 7c. TEMS Microbiol Lett 1991, 
84(2): 197-204. 

56. Saha BC, Bothast RJ: Production, purification, and characterization of a 
highly glucose-tolerant novel beta-glucosidase from Candida peltata. 

Appl Environ Microbiol 1996, 62(9):3 165-3 170. 

57. Starcher B: A ninhydrin-based assay to quantitate the total protein 
content of tissue samples. Anal Biochem 2001, 292(1 ):1 25-1 29. 

58. Boussaid A, Robinson J, Cai YJ, Gregg DJ, Saddler JR: Fermentability of the 
hemicellulose-derived sugars from steam-exploded softwood (Douglas 
fir). Biotechnol Bioeng 1999, 64(3):284-289. 

59. Berlin A, Maximenko V, Bura R, Kang KY, Gilkes N, Saddler J: A rapid 
microassay to evaluate enzymatic hydrolysis of lignocellulosic substrates. 
Biotechnol Bioeng 2006, 93(5):880-886. 



doi:1 0.1 1 86/1 754-6834-6-1 1 2 

Cite this article as: Hu ef al:. The synergistic action of accessory 
enzymes enhances the hydrolytic potential of a "cellulase mixture" but 
is highly substrate specific. Biotechnology for Biofuels 2013 6:1 12. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at /^'\ n! _, ul _-| r Q r,tr=l 

www.biomedcentral.com/submit ammBa central 



V 



